Poly(ethylene glycol)-block-poly(γ-benzyl L-glutamate)-graft-poly(ethylene glycol) (PEG-b-PBLG-g-PEG) copolymer and poly(γ-benzyl L-glutamate)-graftpoly(ethylene glycol) (PBLG-graft-PEG) copolymer were synthesized by the ester exchange reaction of PEG chain with PBLG-block-PEG copolymer and PBLG homopolymer, respectively. The micellization behaviors of PEG-b-PBLG-g-PEG and PBLG-graft-PEG in ethanol were investigated by transmission electron microscopy (TEM) and viscometry. Effects of both the introduction of PBLG homopolymer and the change of testing temperature on the critical aggregation concentration (CAC) of the two polypeptide copolymers in ethanol were mainly studied. Nuclear magnetic resonance (NMR) spectroscopy and fourier transform infrared spectroscopy (FTIR) were used to research the chain conformations of polypeptide segments of the two polypeptide copolymers in solvent and in the solid state, respectively.
INTRODUCTION
Micellization behaviors of amphiphilic copolymers in selective solvents have received more attention both experimentally and theoretically [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Due to their amphiphilic characteristics, amphiphilic copolymers containing solvophobic and solvophilic components can self-assemble to form polymeric micelles or nanoparticles with a core-shell structrue 1 . The nanoscale structures possess a range of potential applications such as carriers of catalysts, drug delivery, protein simulation, macromolecular conformational study, nanoreactors etc [5] [6] [7] . Among the variety of self-assembled nanostructures, the polymeric micelles formed by block copolymers consisting of polypeptide segments and solvophilic polymer chains have received much interest for their great potential applications [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Cho et al. have reported the formation of polymeric micelles composed of poly(γ-benzyl L-glutamate) and poly(ethylene oxide) in aqueous medium and the drug delivery system based on the core-shell nanoparticles with PBLG as the hydrophobic inner core and PEO as the hydrophilic outer shell 17 . Harada et al. have studied the relationship between the conformation of the polypeptide chain and the supramolecular structure of poly(L-lysine)-blockpoly(ethylene glycol). It was revealed that the α-helix structure of polypeptide segments tend to be stabilized by the PEG chains through the formation of a dimer with a micelle-like structure in aqueous medium 18 . Relative to polypeptide block copolymers, polypeptide graft copolymers and polypeptide block-graft copolymers have received less attention. To the best of our knowledge, few experimental work has so far been reported on the micellization behavior comparison of polypeptide graft copolymer and polypeptide block-graft copolymer in ethanol. In this work, PEG-b-PBLGg-PEG copolymer and PBLG-graft-PEG copolymer were synthesized. The micellization behaviors of PEG-b-PBLG-g-PEG and PBLG-graft-PEG in ethanol were investigated by TEM and viscometry. Effects of the introduction of PBLG homopolymer and the change of testing temperature on the critical aggregation concentrations of the two polypeptide copolymers in ethanol were mainly studied. H-NMR spectroscopy and FTIR spectroscopy were used to research the chain conformations of polypeptide segments of the two polypeptide copolymers in solvent and in the solid state, respectively.
EXPERIMENTAL Materials
The amine-terminated a-methoxy-w-amino poly(ethylene glycol) (AT-PEG, M w =12,000) and poly(ethylene glycol methyl ether) (mPEG, M w =350) were purchased from Sigma Inc., and used without further purification. Hexane, tetrahydrofuran (THF) and 1,4-dioxane are of analytical grade and dried with sodium to remove water before use. All other solvents are of analytical grade and used without further purification.
Syntheses of polypeptide homopolymer and copolymers
The PBLG sample was prepared by a standard N-carboxyl-γ-benzyl-Lglutamate anhydride (γ-BLG NCA) method 1, 32, 33 . The molecular weight of PBLG was estimated from the intrinsic viscosity measured in dichloroacetic acid (DCA) 34 . The molecular weight of PBLG homopolymer used in the mixed system is 24,000, while the molecular weight of PBLG homopolymer used in the ester exchange reaction is 90,000. The PBLG-graft-PEG copolymer (shown as Figure 1a ) was prepared by the ester exchange reaction of PBLG homopolymer with mPEG in 1,2-dichloroethane with p-toluenesulfonic acid as a catalyst according to the method described in the documents 1, 35, 36 . Calculations, according to the results of the NMR measurements (Avance 550), present that the grafting ratio of PBLG-graft-PEG is about 21.4%, and the molecular weight (M η ) of PBLG-graft-PEG is about 112,000.
PBLG-block-PEG copolymer was obtained by the ring-opening polymerization of γ-BLG NCA initiated by AT-PEG in 1,4-dioxane at room temperature 15 . PEG-b-PBLG-g-PEG copolymer (shown as Figure 1b ) was obtained by the ester exchange reaction of PBLG-block-PEG with mPEG in 1,2-dichloroethane with p-toluenesulfonic acid as a catalyst according to the method described in the literatures 35, 36 . The grafting ratio of PEG-b-PBLGg-PEG copolymer was estimated by nuclear magnetic resonance (NMR) measurements (Avance 550). It was calculated by the peak intensities of the methylene proton signal (5.08 ppm) of polypeptide and the ethylene proton signal (3.63 ppm) of PEG in the 1 H-NMR spectrum 35, 36 . To emphasize one point, for PEG-b-PBLG-g-PEG copolymer, the peak area (A d=3.63 ) used in calculating the grafting ratio is the subtraction of A 1 and A 2 (A 1 >A 2 ), where A 1 is the peak area (3.63 ppm) in PEG-b-PBLG-g-PEG spectrum, A 2 is the peak area (3.63 ppm) in PBLG-block-PEG spectrum. According to the 1 H-NMR analysis, the grafting ratio of PEG-b-PBLG-g-PEG is about 20.6%. The molecular weights (M η ) of PBLG-block-PEG and PEG-b-PBLG-g-PEG are about 120,000 and 136,000, respectively. The schematic representations of PBLG-graft-PEG copolymer structure and PEG-b-PBLG-g-PEG copolymer structure are presented in Figure 2 .
Preparation of polypeptide copolymer micelles
The micelles of the polypeptide copolymer were prepared according to the document 13 . The obtained polypeptide copolymer sample was first dissolved in CHCl 3 to make a 2 g/l polymer solution. Subsequently, a given volume of ethanol was added into the polymer CHCl 3 solution with stirring. The formation of the polypeptide copolymer micelles occurred, as indicated by the appearance of turbidity in the solution, when about 20 vol% ethanol was added. After 2-3 h, the addition of ethanol was continued until the polymer concentration in the micelle solution was about 0.2 g/l. The micelle solution was kept overnight and then dialyzed against ethanol using dialysis membranes (3500 molecular weight cut-off) to remove the CHCl 3 for 48 h at room temperature. It was preferred that ethanol was exchanged at intervals of 10-12 h. The solution was diluted with ethanol to the desired concentration.
1 H-NMR measurements 1 H-NMR spectra of polypeptide copolymers were measured in CDCl 3 using a NMR instrument (Avance 550) at 500 MHz.
FTIR measurements FTIR spectra of solid films of the polypeptide copolymer samples cast from chloroform solution were measured on a Nicolet 5700 FT-IR spectrometer e-mail address: guoquanzhu888@163.com between 4,000 and 400 cm -1 .
Observation of transmission electron microscope
The morphology of the micelles was obtained by TEM (JEM-1200-EXII). Drops of micelle solution were placed on a carbon film coated copper grid, and then were dried at room temperature. Before the observations, the sample was stained by aqueous phosphotungstic acid solution (1.0 wt%). The TEM bright field imaging was performed with 120 kV accelerating voltage.
Viscosity measurements Viscosity measurements of the micelle solution were made in an Ubbelohde viscometer, which was placed in a thermostatically controlled bath with a precision of ±0.1 °C. The measurements were repeated at least three times and the times obtained were arithmetically averaged, then converted to the relative viscosity (h g ), h g was further converted to the specific viscosity (h sp ). The experiments were carried out by diluting the micelle solution step by step. The curve of h sp /C versus the concentration (C) of the micelle solution was drawn. By analyzing the curve of h sp /C~C, the critical aggregation concentration of polypeptide copolymers could be obtained 14 .
RESULTS AND DISCUSSION
Chain conformation of polypeptide segments in the polypeptide copolymers dissolved in CDCl 3 Figure 3 shows the 1 H-NMR spectra of (a) PBLG-graft-PEG copolymer and (b) PEG-b-PBLG-g-PEG copolymer in CDCl 3 . As is shown in Figure 3 , for both PBLG-graft-PEG and PEG-b-PBLG-g-PEG, the characteristic peaks appearing at about 8.35 ppm (corresponding to NH protons of polypeptide segments in the two polypeptide copolymers) are detected. This phenomenon demonstrates that polypeptide segments in both PBLG-graft-PEG copolymer and PEG-b-PBLG-g-PEG copolymer dissolved in CDCl 3 take a-helix conformation 37 . 
Chain conformation of polypeptide segments in the polypeptide copolymers in the solid state
Infrared (IR) spectra were measured for solid films of polypeptide copolymers cast from chloroform. Figure 4 presents the IR spectra of PBLGgraft-PEG copolymer (shown as curve a) and PEG-b-PBLG-g-PEG copolymer (shown as curve b). As it can be seen from Figure 4 , the amide I and II bands of both PBLG-graft-PEG copolymer and PEG-b-PBLG-g-PEG copolymer appear at about 1653 cm -1 and 1548 cm -1 , respectively, indicating that the polypeptide segments of the two polypeptide copolymers also exist in the a-helical conformation in the solid state 38, 39 . This situation reveals that the chain conformations of polypeptide segments in both PBLG-graft-PEG and PEG-b-PBLG-g-PEG in the solid state are the same as that in PBLG homopolymer in solid state 38, 39 . Figure 5 presents the TEM photographs of (a) the micelles formed by PBLGgraft-PEG copolymer in ethanol and (b) the micelles formed by PEG-b-PBLGg-PEG in ethanol. As shown in Figure 5 , both PBLG-graft-PEG copolymer and PEG-b-PBLG-g-PEG copolymer could self-assemble into polymeric micelles with the solvophobic PBLG segments aggregating as the inner core of the micelles surrounded by the solvophilic PEG chains. The morphology of the micelles formed by PBLG-graft-PEG in ethanol is thin spindle shape, while the morphology of most of the micelles formed by PEG-b-PBLG-g-PEG in ethanol is plump elliptical shape, only one spheroidal micelle found in the photograph could be a large aggregate. Compared with PBLG-graft-PEG copolymer with pure graft structure, PEG-b-PBLG-g-PEG copolymer bears both block structure and graft structure. As described in document 1 , the difference in molecular architecture results in different morphologies of the micelles. This situation proves that the different morphologies of the micelles formed by PBLG-graft-PEG and PEG-b-PBLG-g-PEG in ethanol could be attributed to their different molecular structures. 
Observations of transmission electron microscopy

Effects of the introduction of PBLG homopolymer on the critical aggregation concentrations of PBLG-graft-PEG and PEG-b-PBLG-g-PEG
The critical aggregation concentrations of PBLG-graft-PEG or PEG-b-PBLG-g-PEG and their mixtures with PBLG homopolymer were confirmed according to the document 14 . Figure 6 shows the curves of the critical aggregation concentrations of PBLG-graft-PEG (shown by curve a) and PEG-b-PBLG-g-PEG (shown by curve b) in ethanol versus the content (wt%) of PBLG homopolymer in the mixed system, where the testing temperature is 25 °C. As shown in Figure 6 , the critical aggregation concentrations of both PBLG-graft-PEG and PEG-b-PBLG-g-PEG decrease with the increase of PBLG homopolymer content in the mixed system, indicating that the PBLG homopolymer could promote the micellization of the two polypeptide copolymers. Due to the same solvophobic property, PBLG homopolymer could self-assemble into polymeric micelles together with PBLG-graft-PEG or PEG-b-PBLG-g-PEG through the interaction with PBLG segments in the two polypeptide copolymers 1 . Also seen from Figure 6 , the decreasing degree of the critical aggregation concentration of PBLG-graft-PEG is larger than that of PEG-b-PBLG-g-PEG. As mentioned above, for the two copolymers, both PBLG segment length and the grafting ratio are similar, the main difference is their molecular structures. Because of the different molecular structures, the aggregating-resistance of PBLG homopolymer with polypeptide segments in PEG-b-PBLG-g-PEG is relatively bigger than that of PBLG homopolymer with polypeptide segments in PBLG-graft-PEG, suggesting that the difference of the decreasing degree of the critical aggregation concentrations of the two polypeptide copolymers in ethanol could be attributed to their different molecular structures. Figure 7 shows the curves of the critical aggregation concentrations of PBLG-graft-PEG (shown by curve a) and PEG-b-PBLG-g-PEG (shown by curve b) in ethanol versus the testing temperature. As it can be seen from Figure 7 , the critical aggregation concentrations of both PBLG-graft-PEG and PEG-b-PBLG-g-PEG in ethanol decrease with the increase of the testing temperature. As described in the document 40 , the increase of the testing temperature promotes the interaction of PBLG segments in PBLG-graft-PEG or PEG-b-PBLG-g-PEG by accelerating the moving of polypeptide segments, suggesting the critical aggregation concentrations decrease with the increase of the testing temperature. Also seen from Figure 7 , the decreasing degree of the critical aggregation concentrations of PBLG-graft-PEG is larger than that of PEG-b-PBLG-g-PEG. Owing to the different molecular structures, the moving-resistance of PBLG segments in PEG-b-PBLG-g-PEG is relatively bigger than that of polypeptide segments in PBLG-graft-PEG, indicating that their different molecular structures result in the difference of the decreasing degree of the critical aggregation concentrations. 1 H-NMR analysis demonstrates that the polypeptide segments in both PBLG-graft-PEG and PEG-b-PBLGg-PEG dissolved in CDCl 3 take a-helix conformation. FTIR measurements indicate that the polypeptide segments of both PBLG-graft-PEG and PEG-b-PBLG-g-PEG in the solid state also exist in the a-helical conformation. TEM observations show that both PBLG-graft-PEG copolymer and PEG-b-PBLGg-PEG copolymer could self-assemble to form core-shell structure micelles with different shapes in ethanol. Viscosity measurements reveal that both the increase of PBLG homopolymer content in the mixed system and the increase of the testing temperature promote the formation of the micelles of the two polypeptide copolymers.
Effects of the testing temperature on the critical aggregation concentrations of PBLG-graft-PEG and PEG-b-PBLG-g-PEG
